Accurate measurements of soil CO 2 concentrations (pCO 2 ) are important for understanding carbonic acid reaction pathways for continental weathering and the global carbon (C) cycle. While there have been many studies of soil pCO 2 , most sample or model only one, or at most a few, landscape positions and therefore do not account for complex topography. Here, we test the hypothesis that soil pCO 2 distribution can predictably vary with topographic position. We measured soil pCO 2 at the Susquehanna Shale Hills Critical Zone Observatory (SSHCZO), Pennsylvania, where controls on soil pCO 2 (e.g., depth, texture, porosity, and moisture) vary from ridge tops down to the valley floor, between planar slopes and slopes with convergent flow (i.e., swales), and between north and south-facing aspects. We quantified pCO 2 generally at 0.1e0.2 m depth intervals down to bedrock from 2008 to 2010 and in 2013. Of the variables tested, topographic position along catenas was the best predictor of soil pCO 2 because it controls soil depth, texture, porosity, and moisture, which govern soil CO 2 diffusive fluxes. The highest pCO 2 values were observed in the valley floor and swales where soils are deep (!0.7 m) and wet, resulting in low CO 2 diffusion through soil profiles. In contrast, the ridge top and planar slope soils have lower pCO 2 because they are shallower ( 0.6 m) and drier, resulting in high CO 2 diffusion through soil profiles. Aspect was a minor predictor of soil pCO 2 : the north (i.e., south-facing) swale generally had lower soil moisture content and pCO 2 than its south (i.e., north-facing) counterpart. Seasonally, we observed that while the timing of peak soil pCO 2 was similar across the watershed, the amplitude of the pCO 2 peak was higher in the deep soils due to more variable moisture content. The high pCO 2 observed in the deeper, wetter topographic positions could lower soil porewater pH by up to 1 pH unit compared to porewaters equilibrated with atmospheric CO 2 alone. CO 2 is generally the dominant acid driving weathering in soils: based on our observations, models of chemical weathering and CO 2 dynamics would be improved by including landscape controls on soil pCO 2 .
Introduction
Over geologic time, the dissolution of soil CO 2 into soil porewater or shallow groundwater has provided the major source of acidity for rock weathering. Thus, accurate predictions of soil CO 2 concentrations (pCO 2 ) are essential for determining bedrock weathering rates and their role in the global carbon (C) cycle (e.g., Berner and Berner, 1996; Williams et al., 2007; Szramek et al., 2007; Beaulieu et al., 2010) . At our research watershed in the Susquehanna Shale Hills Critical Zone Observatory (SSHCZO) in central Pennsylvania, results based on water chemistry are consistent with a strong link between soil pCO 2 and weathering. In the top 2 m of regolith, dissolution of silicate minerals (mainly chlorite, Eq. (1), and illite, Eq. (2); see Jin et al., 2010) consumes dissolved CO 2 (Eq. (3)) as evidenced by the 13 C of DIC and positive correlations between soil pCO 2 and DIC concentrations in porewaters (Jin et al., 2014 (l) (1) 
Despite pCO 2 at depth acting as a source of acidity, mineralewater reactions buffer porewater pH to higher values as soil depth increases. This is consistent with observations that soils at the SSHCZO exhibit decreasing proportions of Al (compared to base cations Ca and Mg) on soil exchange sites with increasing depth and reduced chlorite and/or illite dissolution with increasing depth . Moreover, the alkalinity of porewaters increases downward with increasing extent of rock weathering (i.e., Eqs. (1) and (2)). These preliminary results from a limited number of locations and time points have led us to question how soil pCO 2 varies in space and time in the experimental watershed.
Soil pCO 2 is controlled by the balance of production and consumption, where each process is regulated by environmental factors. However, understanding the controls on variation in soil pCO 2 is difficult due to the many variables that affect concentrations ( Fig. 1) , ranging from global atmospheric CO 2 concentrations, to landscape scale heterogeneities in bedrock, soil, ecosystems, and microclimate, to small scale variation in biology and the physical properties of soils. Biological influences on soil CO 2 include the distribution of leaf litter input, which provides a heterogeneous input to the C pool, as well as the subsurface distribution of plant roots and microorganisms that produce soil CO 2 through respiration (Tang and Baldocchi, 2005; Oh et al., 2005) . Physical parameters such as soil temperature, moisture, pore space, and texture also influence soil CO 2 dynamics by regulating biological activity and diffusion rates (Kaye and Hart, 1998; Rayment and Jarvis, 2000; Law et al., 2001; Risk et al., 2002) . In the literature, soil CO 2 dynamics are often modeled as a function of the soil temperature and moisture conditions (Cerling, 1984; Hamada and Tanaka, 2001; Tang et al., 2003 Sullivan et al., 2008) because these factors generally correlate well with biological activity and diffusivity of gases in soils. These environmental factors vary within watersheds (e.g., soil moisture and texture) and across seasons (e.g., soil temperature and moisture), leading to expected variations in soil pCO 2 across space and time. However, such variations have rarely been tested as most measurements and models of pCO 2 do not explicitly include the effects of topographic position.
While previous work has extensively examined seasonal (Solomon and Cerling, 1987; Burton and Beauchamp, 1994; Schulz et al., 2011; Ross et al., 2012) , diurnal (Tang et al., 2003 , geographic (Schulz et al., 2011) , climatic (Oh and Richter, 2004) , depth (Fisher et al., 1985; Benstead and Lloyd, 1996; Fierer et al., 2005) , and vegetative (Buyanovsky and Wagner, 1983; Kaye and Hart, 1998 ) controls on CO 2 concentrations and fluxes, to our knowledge topographic controls on pCO 2 have been characterized at only two locations. In northeastern Spain, the variability in soil pCO 2 between two topographic positions within a single small catchment was as large as differences observed in two different mountain ranges (Piñol et al., 1995) . In the northern Rocky Mountains, catchment-scale soil CO 2 dynamics were significantly influenced by landscape position; specifically, pCO 2 was highest in riparian zones due to higher soil moisture near the stream valley (Pacific et al., 2008; Riveros-Iregui et al., 2011) . The timing of peak soil pCO 2 in the watershed also differed between landscape positions because of variability in the onset of snowmelt (Pacific et al., 2008) . These studies suggest that topography may be a strong predictor of soil pCO 2 , especially through its effect on soil moisture, which can act as a diffusion barrier.
While these studies compared ridge top versus valley floor topographic positions, the SSHCZO catchment has other topographic characteristics such as slope aspect and shape that may add complexity to spatial patterns in soil pCO 2 . For example, the north and south sides of the watershed differ in their soil moisture content (Lin, 2006; Lin et al., 2006) . Furthermore, on both sides of the catchment, the hillslopes experience either non-convergent, downslope flow (planar hillslopes) or convergent flow (swales). The swales, which comprise 23% of the watershed area , are substantially wetter than the planar slopes (Lin, 2006; Lin et al., 2006) .
Given the complex terrain and extensive soil moisture and temperature monitoring at the SSHCZO, it is an ideal location to examine how topography affects soil pCO 2 . In this paper, we describe the depth distribution of soil pCO 2 across catenas within the SSHCZO watershed to determine whether topography may be a valuable parameter to include in analyses of soil pCO 2 and its relationship to weathering. We monitored soil pCO 2 on planar slopes, swale depressions, ridge tops, and valley floors with differing aspect, and throughout this paper, we refer to combinations of aspect, catena location (ridge top, mid-slope, and valley floor), and hillslope shape (swale versus planar) as "topographic positions." Our pCO 2 samples were collected at multiple depths to just above bedrock (B/C or C horizon; up to 2.4 m deep). We investigated these observations to ask: does the soil pCO 2 distribution vary predictably with topographic position in the SSHCZO? Answering this question will lead to more accurate models of soil CO 2 dynamics than those based on soil temperature and moisture alone as well as aid in estimating variation in weathering rates across forested landscapes.
Study site
Soil CO 2 samples were collected in a temperate, deciduous forest at the SSHCZO ( Fig. 2A) , a site established in central Pennsylvania to study the inter-relationships between hydrology, geomorphology, pedology, geochemistry, and ecology. The V-shaped catchment is 7.9 ha with a valley and an ephemeral stream that roughly align east-west. The watershed has an annual temperature of~10 C, but varies between À25 and 41 C. The annual precipitation is~1.00 m, with the highest rainfall months occurring in the early spring and fall. From 2008 to 2010, soil pCO 2 and microclimate were monitored along two south (north-facing) hillslopes. Three sites were located on a planar hillslope transect: south planar ridge top (SPRT), south planar mid-slope (SPMS), and south planar valley floor (SPVF), and the other three sites were along an adjacent swale transect: south swale ridge top (SSRT), south swale mid-slope (SSMS), and south swale valley floor (SSVF; see Fig. 2A ). Additional monitoring of the mid-slope sites was conducted in 2013, and included sampling at SPMS and SSMS as well as sites on the north (south-facing) side of the catchment: north planar mid-slope (NPMS) and north swale mid-slope (NSMS; Fig. 2A) .
The planar and swale hillslopes are convex-upward near the ridge and concave-upward near the valley floor. The planar hillslopes are defined as planar because they do not experience convergent flow of water and sediments; rather the flow is strictly vertical (one-dimensional) or directly downslope (two-dimensional). The swales, on the other hand, experience vertical, downslope, and convergent (three-dimensional) flow of water and sediments. The south swale hillslope is unique in that the soil is anomalously thick at the mid-slope (e.g., 1.6 m at SSMS compared to 0.9 m at SSVF; Fig. 2B ). Furthermore, there is a bend in the south swale at the mid-slope that can be observed in Fig. 2A .
The entire catchment is underlain by Silurian Rose Hill Formation shale (Berg et al., 1980) . Compositionally, the shale consists of quartz, illite, chlorite, vermiculitized chlorite, Fe oxides, minor feldspar, and, at depth, variable amounts of FeeMneCa carbonates . Soil thickness varies through the catchment from <0.25 m on the ridge tops to >2 m in the valley and swale depressions (Lin, 2006) . Prior work has reported soil geochemistry and mineralogy for catenas along the planar hillslope Ma et al., 2011a ) and a swale hillslope . Briefly, the soils contain no carbonate, and chlorite and illite are weathering to vermiculite, hydroxyl-interlayer vermiculite, Fe oxides, and minor amounts of kaolinite. Andrews et al. (2011) reported the distribution of soil organic C (representing 41% of the soil organic matter (SOM) content) in the catchment: the swales have 22% more soil organic C storage in the solum (down to 1.1 m) compared to the planar slopes (see Table S1 in the Supplementary material). At the swale valley floor, dissolved organic C (DOC) concentrations within the top 0.4 m were 40% higher than for the equivalent planar slope position (Andrews, 2011; Andrews et al., 2011 ; Table S1 ).
There are five distinct soil series in the watershed ( Fig. 2A) identified by Lin (2006) and Lin et al. (2006) , which include the (1) Weikert (loamy-skeletal, mixed, active, mesic Lithic Dystrudepts), which dominates the catchment (area ¼ 78.7%) and occurs on hilltops or convex hillslopes with a depth to fractured bedrock of <0.5 m, (2) Berks (loamy-skeletal, mixed, active, mesic Typic Dystrudepts), which is largely distributed along transitional slope zones between the Weikert and the deeper Rushtown with depths of 0.5e1.0 m to bedrock (area ¼ 9.8%), (3) Rushtown (loamy-skeletal, over fragmental, mixed, mesic Typic Dystrudepts), which dominates the center of swale depressions as well as a large area in the back of the catchment and consists of deeper soils (>1.0 m; area ¼ 6.3%), (4) Ernest (fine-loamy, mixed, superactive, mesic Aquic Fragiudults), a deeper soil (>1.0 m) that dominates the valley floor and exhibits many redox features (area ¼ 4.9%), and (5) Blairton (fine-loamy, mixed, active, mesic Aquic Hapludults), another deeper soil (>1 m) that makes up a small portion of the valley floor (area <0.3%). The pCO 2 monitoring sites are located on the Weikert (SPRT, SPMS, SSRT, and NPMS), Rushtown (SSMS, SSVF, and NSMS), and Ernest (SPVF) soil series. Soil horizons in Tables S1 and S2 are estimated based on the findings of Lin (2006) and Thomas et al. (2013) . These findings agree with in situ observations of the south planar transect by Jin et al. (2010) . An Oe-horizon covers the upper 0.05 m of the entire catchment. Other Fig. 1 . Soil atmosphere pCO 2 reflects the balance of i) production of CO 2 by belowground cellular respiration, ii) diffusion of CO 2 out of the soil upward to the atmosphere or downward to soil water or groundwater, iii) CO 2 drawdown from or CO 2 degassing to porefluids during mineral dissolution (this process depends on what mineral(s) dissolve), iv) advection of dissolved inorganic C (DIC)-containing fluid into or out of the system, and v) advection of atmospheric CO 2 into air-filled soil pore spaces.
physiochemical properties for the sites can be found in Tables S1  and S2 in the Supplementary material. The majority of the SSHCZO watershed is covered by deciduous trees that consist of oaks that dominate throughout the watershed, maples that occur on northern slopes, and hickories found on northern slopes and southern ridge top (Naithani et al., 2013) . Conifers are less abundant than deciduous species, but are still common and include Eastern hemlocks, which are located predominantly in the valleys, and pines, which are generally located on the ridge tops (Naithani et al., 2013) . The tree species density and distribution were mapped by Eissenstat et al. (2013) .
Methods

Soil CO 2 concentration
To measure soil pCO 2 levels in the SSHCZO watershed, gas samplers (de Jong and Schappert, 1972) were installed following a modified U.S. Geological Survey (USGS) protocol (Schulz, 2006) at the south planar transect (August 2008), south swale transect (July 2009), and north mid-slopes (August 2013). Specifically, vertical soil gas samplers were constructed of 3.18 mm stainless steel tubing (inner diameter ¼ 2.16 mm) and cut to the desired sampling depth plus an additional 0.1e0.3 m (for surface access). Stainless steel mesh (0.2 mm openings) was cut to 0.05 by 0.08 m, wrapped around one end of the stainless steel tubing, secured with epoxy, and crimped once the epoxy dried to prevent the sampler from clogging with soil. Brass compression fittings and Swagelok end caps were installed on the other end of the tubing along with a three-way connector. Holes were hand-augered at the sampling sites to the desired depth and the recovered soils were sieved using a 2 mm sieve. A gas sampler was placed at the bottom of the auger hole, and 0.05 m of sieved coarse fragments (>2 mm) were added to ensure good air circulation around the sampler. Instead of using bentonite (i.e., Schulz, 2006) , which could "contaminate" ongoing silicate weathering studies at the SSHCZO, we added 0.05 m of the sieved soil (<2 mm) above the coarse fragments to discourage vertical air movement. The hole was then back-filled with the remaining soil. If more than one sampler was placed in the same auger hole, the process was repeated; however, for samplers placed higher in the soil profile an additional 0.05 m layer of sieved soil, covered by another 0.05 m of coarse fragments, was added below the desired sampler depth.
Soil gas samplers were generally placed at depth increments of 0.2 m until reaching the layer of refusal by hand augering, just above the impenetrable bedrock. However, in thin soils and near the soil surface, smaller intervals (0.1 m) were used to measure pCO 2 variation at or near soil horizons (see Tables S1 and S2 ; Fig. 2B ) to provide additional insight into the influence of soil horizonation on CO 2 gas processes. The representative soil horizons were estimated based on in situ observations and each gas sampler nest's location relative to surveyed soil series and soil-bedrock interface maps (Lin, 2006; Tables S1 and S2) . The same depth intervals were used at gas sampling sites with similar hillslope locations. For example, the depth intervals for the mid-slope sites are the same down to 0.4 m, which is the depth of refusal at SPMS; however, SSMS, NPMS, and NSMS have additional sampling intervals due to deeper soil.
Soil gas samples were collected from the south planar transect from August 2008 to August 2010 and swale transect from July 2009 to August 2010. Samples were collected 24 times during the growing season (April to September) and 14 times during the nongrowing season (October to December; see Fig. S1 in the Supplementary material). Fewer samples were collected during the nongrowing season because soils were often frozen and respiration rates were low. An additional suite of soil gas samples was collected on seven occasions from August 2013 to December 2013 at the midslope positions on both the north and south slopes (Fig. S2 ) to determine how aspect affects soil pCO 2 . The 2008e2010 and 2013 soil CO 2 gas samples were generally collected weekly, and to be consistent, the sampling occurred between 10:00 and 15:00.
During site visits, soil CO 2 samples were obtained by connecting a 60 mL gas-tight syringe to the sampler's three-way port. To assure gas samples were representative of the depth of interest, the Lin et al. (2006) . The first-order ephemeral stream (blue), soil CO 2 gas sampling locations (large, open circles), and soil moisture measurement sites (small, blue circles) are shown. Soil CO 2 gas samplers are located along the south planar (i.e., SPRT, SPMS, and SPVF), south swale (SSRT, SSMS, and SSVF), north planar (NPMS), and north swale (NSMS) hillslopes. The south slope sampling locations are all within a few meters of sites discussed in previous papers Ma et al., 2011a) . (B) A schematic of elevation versus the distance from the ridge with the gas sampler locations noted for the south planar and swale transects. The nested soil gas sampler depths are not to scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) samplers were purged of air prior to sample collection. Gas samples were either stored in the syringe if they were to be analyzed within 48 h or were immediately transferred from the syringe with a needle to pre-evacuated 15-mL Labco ® glass vials for longer storage before laboratory processing. The Labco ® vials were overpressured with soil gas to prevent contamination during storage. Atmospheric pCO 2 samples were collected at a height <0.02 m above surface leaf litter during every gas sampling excursion using syringes or Labco ® vials for storage. Sample CO 2 concentrations were analyzed in the laboratory using an infrared gas analyzer (IRGA; LI-7000, LI-COR Inc., Lincoln, NE). The sample injection volumes ranged from 1 to 5 mL and the instrument flow rate was 0.4 L min À1 ; instrument accuracy is 1% of the sample value. Sample runs were calibrated with six CO 2 standards (Gas and Technology Services Inc., Santa Maria, CA) ranging from 500 to 10,300 ppmv. Atmospheric pressure (P in Pa) was calculated from the hillslope elevation above sea level (h a in m) using a relationship developed by Kutz (2006) :
Using Eq. (4), we converted IRGA data from the lab to pCO 2 in the field using the ideal gas law along with field soil temperature. The influence of weather on atmospheric pressure is minor compared to differences in elevation, so we used only sampling site elevations obtained from digital elevation model (DEM) data for the watershed (SSHCZO, 2013) to calculate pCO 2 . Sensitivity analyses of Fick's law of diffusion to soil porosity, moisture, and temperature were conducted using a modified CO 2 flux calculation from .
Soil microclimate
In addition to soil pCO 2 measurements, we also monitored the soil microclimate (i.e., soil moisture and temperature) at the study sites. Volumetric soil moisture content was measured approximately weekly using time domain reflectometry (TDR) at multiple depths (Figs. S3 and S4) near the nested gas samplers. In particular, a TRIME-T3 tube access probe and a TRIME-FM3 mobile moisture meter (IMKO, Ettlingen, Germany) were used to measure soil moisture; see Lin (2006) and Lin et al. (2006) for details. Where soil moisture depths did not match gas sampler depths, the soil moisture was estimated using a weighted mean of the two nearest depth increments. Likewise, it was not always possible to collect soil moisture data at all of the sites on the same date. However, linear regressions between sites were used to approximate soil moisture at sites lacking data when soil moisture was measured at other locations.
Prior to 2013, soil temperature data were measured with an ST09 digital thermometer (Supco, Allenwood, NJ) at a depth of 0.07 m. In 2013, soil temperatures were recorded at various depths with automated 5TE temperature sensors (Decagon Devices, Inc., Pullman, WA). Like the soil moisture sampling locations, when gas sampler depths did not match the temperature measurement depths, a weighted mean was used to approximate the soil temperature for the depth of interest. The soil microclimate data at SPRT, SPMS, SPVF, SSRT, SSMS, SSVF, NPMS, and NSMS ( Fig. 2A) correspond with sites 10, 8, 6, 14, 12, 11, 60 , and 51/55, respectively, previously discussed by Lin (2006) and Andrews (2011) .
Statistical analyses
A repeated-measures analysis of covariance (RM-ANCOVA) test was used to examine the effects different topographic positions (planar or swale slopes and ridges, slopes, or valleys), soil depths, soil moisture content, soil temperatures, seasons (i.e., time), and their interactions had on soil pCO 2 (Table 1) . The RM-ANCOVA tests the equality of means and is used when the dependent variable is measured under a number of different conditions that include continuous variables (Delwiche and Slaughter, 2003) . The Type III test was performed using a mixed linear model, the proc mixed procedure, in SAS (version 9.4, SAS Institute, Cary, NC) with a splitplot approach and randomized block design after Andrews et al. (2011) . In detail, each topographic position has multiple soil depths; therefore, the topographic position is considered as the main plot factor and the soil depth is treated as the subplot factor that is nested within the topographic position. The code also includes a repeated-measures statement where variation in pCO 2 was modeled through time. Seasonality was used as the temporal variable.
The proc mixed procedure was also used to examine the effects of various C sources in the soil on pCO 2 . The C sources include measurements made by Andrews (2011) and Andrews et al. (2011) of SOM, total soil C, and porewater DOC within~1 m of our monitoring sites; details of sample collection and analysis can be found within these references. The mixed linear model effects include topographic position, soil depth, SOM, total soil C, and porewater DOC. Because the effects (i.e., SOM, total soil C, and porewater DOC) have a non-normal distribution we modeled the data using both maximum likelihood estimation (ML) and minimum variance quadratic unbiased estimation (MIVQUE0) methods, where the latter is better suited for non-normal estimators (Rao, 1971) . The Akaike's Information Criteria (AIC; Akaike, 1974) estimate shows that the proc mixed model using the MIVQUE0 (AIC ¼ 243.7) is a better fit over the ML (AIC ¼ 403.6) method, where smaller AIC is a better fit. No additional effects or interactions were included in the model because of the limited number of data (n ¼ 23). The Type III test for fixed effects shows the significance of each effect in the overall model statement (Table 2) .
Additionally, t-tests conducted in SAS were used to determine the significance of the average pCO 2 values for different topographic positions (significance of p < 0.05). Measurements from the same sampling day were paired and repeated measurements over time constituted the replication of the paired comparison.
Results
Soil microclimate
Soil temperature
Soil temperatures (at 0.07 m) ranged from 9.7 to 20.6 C during the 2008e2010 study period. The average soil temperatures (Table S1 ) and standard deviations were not significantly different between the sampling locations along the south slope sites and were within 0.3 and 0.4 C of each other, respectively. In 2013, soil temperatures ranged from 4.3 to 22.5 C, and temperature variations were the highest at the soil surface and decreased with depth (Table S2) . On the south slope, the average shallow (<0.4 m) soil temperatures were similar between SPMS and SSMS (i.e., 15.2 versus 15.1 C; p ¼ 0.60). Below 0.4 m, the average temperature in the deeper SSMS profile was 10.3 C, close to the average air temperature at SSHCZO. On the north slope, soil temperatures above 0.4 m were >1 C higher than the south slope and varied significantly between the planar and swale hillslope profiles (NPMS ¼ 16.3 C and NSMS ¼ 17.9 C; p << 0.01). Deeper in the profiles, the average temperatures were 15.7 C and 16.1 C for NPMS and NSMS, respectively; significantly higher than the temperatures observed below 0.4 m on the south slope (p < 0.01). Thus, aspect (south versus north) has a significant effect on the soil temperature at depth >0.4 m.
Soil moisture
From 2008 to 2010, the soil moisture at the ridge top (SPRT and SSRT) ranged from 0.046 to 0.247 m 3 m À3 (Fig. 3, Fig. S3 (Fig. 3, Fig. S3 ), with higher and more variable soil moisture observed at SPVF compared to SSVF (p << 0.01, Table S1 ). The valley floor positions near the stream had significantly (p << 0.01) wetter soils than the ridge top hillslope positions (Figs. 3 and 4) . The mid-slope sites (SPMS and SSMS) had the most disparate soil moisture values (0.051e0.385 m 3 m À3 ; Fig. 3, Fig. S3 ) between equivalent depths (p << 0.01; Table S1), with the wettest conditions occurring at SSMS. Indeed, SPMS had similar moisture conditions compared to the ridge tops while SSMS was similar to the valley floor positions (Table S1 ; Figs. 3 and 4) . In 2013, we tested the influence of aspect on soil moisture at equivalent depths. Over the study period, soil moisture ranged from 0.025 to 0.405 m 3 m À3 for all the mid-slope sites (Fig. S4 ). As observed in the 2008e2010 data, there was a significant difference in the soil moisture between the swale and planar mid-slopes on both sides of the catchment. Specifically, NPMS was drier than NSMS (p ¼ 0.03), and likewise SPMS was drier than SSMS (p << 0.01; Table S2 ; Fig. S4 ). SPMS was drier than NPMS (p << 0.01), while NSMS was drier than SSMS (p < 0.01; Table S2 ; Fig. S4 ). Generally, soil moisture increased with depth; however, with the exception of SSRT, this increase was not always uniform (Tables S1 and S2; Figs. 3 and 4, Figs. S3 and S4) . In particular, zones of high soil moisture generally occurred along soil horizon interfaces, and both shallow (i.e., SPRT, SPMS, and NPMS) and deep (i.e., SPVF, SSMS, SSVF, and NSMS) soils displayed these anomalies. In the shallow profiles, localized soil moisture maxima were observed along the AeB horizon transition (i.e., 0.1e0.2 m), whereas in the deeper profiles, the localized maxima occurred around the BeC interface (i.e.,~0.6 m).
The south slope (2008e2010) had similar seasonal patterns in soil moisture (Fig. 3, Fig. S3) . Specifically, for all the south slope sites, soil moisture was high beginning in the early spring and decreased to its minimum value in the late summer. The lowest soil moisture values occurred in August in the shallower, drier profiles and September in the deeper, wetter profiles. In the fall, soil moisture increased again, especially in the deeper soil profiles, reaching its highest values in November and December (Fig. 3,  Fig. S3 ). Indeed, at times during the winter we were unable to collect gas samples from SPVF and SSMS because the soils were completely saturated. In 2013, the wettest soil conditions occurred earlier in the summer (i.e., July; Fig. S4 ) due to heavy rainfall. However, soil moisture reached minimum values in September and began to increase in October, similar to the 2008e2010 observations.
Soil pCO 2
Soil pCO 2 in the catchment varied from near atmospheric concentrations to more than 35,000 ppmv, with the highest pCO 2 occurring in the deepest, wettest soils: SPVF (0.7 m), SSVF (0.9 m), SSMS (1.6 m), and NSMS (2.4 m; Tables S1 and S2; Figs. 5 and 6). On the south slope, pCO 2 was low at the ridges and high in the valleys (Fig. 4) . Differences in pCO 2 between the planar and swale slopes were smallest at the ridge tops (p ¼ 0.14) and largest at the midslope positions (p << 0.01; Tables S1 and S2; Figs. 5 and 6). For equivalent depth intervals at the mid-slopes, pCO 2 was higher and more variable (i.e., the standard deviation) at SSMS than SPMS. Indeed, the pCO 2 level and variability at SPMS was comparable with the ridge tops (Table S1 ). For example, the average pCO 2 for SPMS at 0.4 m was almost 6,000 ppmv less than SSMS at 0.4 m (Table S1 ). With regard to slope aspect, pCO 2 differs significantly (p ¼ 0.04) in the swales, where SSMS has higher pCO 2 for the same depth when compared to NSMS. In contrast, the pCO 2 in the planar mid-slopes do not vary significantly with aspect (i.e., SPMS versus NPMS; p ¼ 0.19).
Seasonal changes in soil pCO 2 were similar across the sites, though the largest fluctuations were observed in deep soils (Figs. 5 and 6). During the 2008e2010 sampling period (i.e., south slope), pCO 2 rose in the early spring, peaked in June, and subsequently declined in July and August. After August, pCO 2 increased again, especially deep in the soil profile; however, the fall pCO 2 peak was not as large as the June peak (Fig. 5) . The peak pCO 2 observed in the 2013 data (i.e., north and south mid-slopes) occurred in August, and declined in the fall and winter (Fig. 6 ). Soil pCO 2 variability between sites increased during the spring and fall pCO 2 peaks (Figs. 5 and 6, Figs. S1 and S2), with the largest changes in the deeper soils. For example, pCO 2 differences were large between swale mid-slopes at equivalent depths during the summer, but these differences decreased during the winter (Fig. 6) . In contrast, at the planar midslopes, pCO 2 differences between the north and south slopes were small in both the summer and winter. Seasonality can influence the soil microclimate, and we observed a positive correlation between soil moisture and pCO 2 , but no correlation between soil temperature and pCO 2 (Figs. S5 and S6 ).
Soil pCO 2 generally increased with soil profile depth (Figs. 5 and 6, Figs. S1 and S2) and was correlated negatively with porosity and positively with bulk density for all the profiles (Figs. S5 and S6 ). The pCO 2 variability also increased with depth (i.e., pCO 2 standard deviations were positively correlated with average pCO 2 ; Tables S1 and S2). Occasionally, SPRT, SSMS, SSVF, and NSMS exhibited localized, high pCO 2 values (Figs. 5 and 6; see asterisks). These anomalies generally occurred during the early spring and summer at depths between 0.5 and 1.0 m (i.e., B and C horizons).
The RM-ANCOVA output supports the correlations observed between topographic position and soil pCO 2 (Table 1 ). The partial effects of topographic position, depth, and soil moisture were significant terms in the mixed linear model. There were also many significant interactions. The effect of topographic position depended on depth (Topographic position*Depth: p < 0.0001); in other words, topographic position effects were most pronounced deeper in the soil profiles. Similarly, the effect of topographic position (Topographic position*Seasonality: p ¼ 0.0006) and depth (Depth*Seasonality: p < 0.0001) depended on seasonality because topographic position and depth effects on pCO 2 were most pronounced early in the growing season. Interestingly, while the effect of topographic position depended on soil moisture (Topographic position*Moisture content: p < 0.0001), the effect of depth did not (Depth*Moisture content: p ¼ 0.289). This is because the effect of topographic position was most pronounced at higher soil moisture values, while the basic trend of increasing pCO 2 with depth was similar in wet and dry soils. Temperature was never a significant direct or interactive term in the model. In our mixed linear model to assess the effects of various C sources on soil pCO 2 (Table 2) , topographic position and depth were the only significant effects (p ¼ 0.0070 and p < 0.0001, respectively) on soil pCO 2 ; SOM, total soil C, and porewater DOC were not significant (p > 0.05).
Discussion
Data from SSHCZO clearly show that topographic position is a strong predictor of soil pCO 2 . In detail, location along the catenas was the strongest predictor of soil depth, texture, porosity, and moisture, all important controls on soil pCO 2 content. The almost 7-fold variation in pCO 2 we observe across topographic positions could indeed impact weathering through enhanced porewater acidity. Here, we interpret this variation in relation to mechanisms that lead to topographic variation in pCO 2 : landscape-scale variation in soil water and its effects on biologically produced CO 2 (i.e., soil respiration) as well as the upward diffusion of that CO 2 .
Relationship of soil pCO 2 to landscape controlled microclimate
Our temperate, forested catchment has similar vegetation and geology throughout, and thus the distribution of soil moisture is conditioned by the joint effect of topography and soil characteristics. Therefore, a combination of terrain attributes and soil moisture patterns provides a good interpretation of observed soil pCO 2 distribution. Intermediate soil moisture values generally promote higher soil pCO 2 (Davidson et al., 2000; Pacific et al., 2008) , and optimal soil respiration occurs at soil moisture levels of~25% (Tang and Baldocchi, 2005) . Furthermore, high soil moisture acts as a diffusion barrier, so even if moisture levels are not ideal for soil respiration, any CO 2 produced by biological activity is trapped in the soil. Thus, in locations where soil moisture values were low (i.e., the ridge tops and planar mid-slopes), pCO 2 was also low, while in locations of high soil moisture there was also high pCO 2 . Sensitivity analyses of Fick's law of diffusion to soil porosity, moisture, and temperature demonstrate the relative importance of various soil parameters on soil CO 2 contents (Fig. S7) . We calculated the response of pCO 2 and CO 2 flux to variations in these parameters and found that porosity and moisture levels are significant controls on soil pCO 2 . This corresponds to the strong negative correlation between porosity and pCO 2 and strong positive correlation bulk density and pCO 2 (Figs. S5 and S6 ). These relationships are consistent with soil physical properties and gas diffusivity (Møldrup et al., 2003; Sim unek and Suarez, 1993) . Depth is an important control on the soil porosity, and increasing soil depth generally reduces porosity (Tables S1 and S2 ). Low porosity reduces CO 2 diffusion, allowing pCO 2 levels to increase in the deeper soils. Additionally, our sensitivity calculations show that soil moisture also strongly controls the pCO 2 (Fig. S7) . This is in agreement with the correlation observed between soil moisture and pCO 2 at our sites (Figs. S5 and S6) and previous findings (Cerling, 1984; Hamada and Tanaka, 2001; Tang and Baldocchi, 2005; Sullivan et al., 2008) . Importantly, both soil depth (and therefore soil porosity) and moisture content are dependent on topographic position. However, over the range of temperatures observed in this study, soil temperature does not play an important role in CO 2 flux (Fig. S7) , which corresponds to the weak relationship between temperature and pCO 2 observed in Figs. S5 and S6.
Spatial variability within and between topographic positions
Geomorphologists have long known that swales concentrate the flow of water and sediments, which leads to thicker soil profiles. In turn, the vertical variability in soil properties (including depth) controls the subsurface hydrology and pCO 2 . Thus, we hypothesize that globally swales are more effective short-term reservoirs for soil pCO 2 than planar and convex slopes. Given that the ridge top sites are more or less identical, except for the hillslope below them, our two sites expectedly show only rather small differences in depth to bedrock, soil moisture, and soil pCO 2 . Like the ridge tops, the planar and swale valley floors are geomorphologically similar except for the slope above them. We found that the valley floor locations have higher soil moisture values and pCO 2 than the ridge tops, which is in agreement with the results of Pacific et al. (2008) . This demonstrates that higher soil moisture levels at the valley floor act as a diffusive barrier to soil pCO 2 allowing it to accumulate in the soil, while the dry ridge top experiences higher CO 2 diffusion rates and therefore lower pCO 2 . Nevertheless, the water table (or possibly a migrating wetting front) is closer to the land surface at SPVF than SSVF. Consequently, the two valley floor sites have similar soil moisture, and thus similar pCO 2 , above 0.5 m, but below 0.5 m SPVF has higher soil moisture and pCO 2 values (Figs. 3 and 5) . On several occasions during the spring wet season, water was drawn from the 0.5 and 0.7 m deep SPVF gas samplers indicating the water table had reached depths of 0.5 m, but water was never observed in SSVF gas samplers. The Mg concentrations and H/O isotopes in soil waters at SPVF observed by indicate that the water table rises to the depths of the gas samplers.
The mid-slope positions have the most disparate geomorphology, soil moisture, and soil pCO 2 of all the topographic positions along the south planar and swale transects. The higher and more variable pCO 2 at SSMS compared to SPMS is due to the greater soil depth and higher soil moisture content of the SSMS profile (Tables S1 and S2 ; Figs. 3e5). In detail, water only moves vertically in the unsaturated zone except when there is ponding at a permeability barrier. Without ponding, the rate of vertical water movement will be the same between the ridge top, mid-slope, and valley floor sites. However, if there are horizontal layers of contrasting permeability, as is the case at the SSHCZO (Lin, 2006; , then ponding and subsequent down-hillslope flow will occur (i.e., movement of water along preferential flowpaths, known as interflow). The hillslope at SPMS is steep (47.5% slope; Table S1 ) and does not experience convergent (three-dimensional) flow of water. Therefore, the soil is well-drained leading to low soil moisture (Fig. 3, Fig. S1 ). In contrast, the land surface at SSMS is shallower (27.9% slope; Table S1), which limits drainage. In addition, convergent flow along the swale channelizes water into SSMS, leading to higher and more variable soil moisture (Fig. 3, Fig. S1 ). Thus, SSMS maintains higher pCO 2 near the soil surface than SPMS because soil moisture acts as diffusive barrier. Our results clearly show that topography controls soil depth, texture, porosity, and moisture, which govern diffusive loss of CO 2 from the soil to the atmosphere. In contrast, we found that parameters influencing the biological production of soil pCO 2 (Fig. 1) , including SOM, total soil C, and porewater DOC, were not statistically significant effects on soil pCO 2 (Table 2) . SOM, total soil C, and porewater DOC tended to be highest near the soil surface, where soil pCO 2 was lowest (Tables S1 and S2 ). This indicates that despite a higher potential for C to be respired to CO 2 near the soil surface, soil pCO 2 remains low here because production is outpaced by higher diffusion rates due to lower soil moisture and higher porosity. In other words, even though there may be more source C near the surface, there is nothing to trap the CO 2 in the soil profile. Thus, soil C storage is not predictive of soil pCO 2 patterns across the catchment. Collecting root density and respiration data from these topographic positions is an area of future research, which will provide additional details about differential CO 2 production.
Aspect
Aspect is an important topographic variable that likely enhanced pCO 2 differences in wet, swale mid-slopes (i.e., SSMS and NSMS), but was less important for the well-drained planar slopes (i.e., SPMS and NPMS). This difference between the swale mid-slopes cannot be attributed to depth, as NSMS is deeper than SSMS. Furthermore, soil C sources differences, including soil organic C and porewater DOC, do not explain the variability. In detail, Andrews (2011) and Andrews et al. (2011) observed that NSMS has higher soil organic C in the A horizon and 1.1 m solum (~3.0 g cm À2 ) as well as higher porewater DOC (A horizon ¼~4.0 g cm À2 and 1.1 m solum ¼ 1.8 g cm À2 ) than SSMS, confirming our findings that the relationship between soil C sources and pCO 2 is not statistically significant (Table 2) . Thus, the pCO 2 differences between the two swale mid-slopes are likely due to the soil moisture differences (Table S2 ; Fig. S4 ). The north (south-facing) slope receives more solar radiation than the south (north-facing) slope. This factor likely leads to both higher vegetative coverage and higher evapotranspiration rates, and consequently, lower soil moisture in the north swale mid-slopes (Lin, 2006) . The lower soil moisture in the northern swales allows higher CO 2 diffusion and thus lower soil pCO 2 . At the planar mid-slopes, however, higher slopes lead to better draining of the soils, and consequently, differences in soil moisture, and thus pCO 2 , due to aspect are not important at these sites. 
Variability with depth
While depth is often studied as a control on soil pCO 2 , our data show that pCO 2 at the same given depth can vary across a watershed by 100% due to variations in soil moisture. Thus, depth alone will be a weak predictor of the pCO 2 in complex terrain. The observed pattern of increased variance with depth was observed in another study of the montane soils in northeastern Spain (Piñol et al., 1995) , where pCO 2 differences were attributed to variations in diffusivity, CO 2 production at various depths in the soil profile, or total CO 2 production over the whole profile.
A minor control on soil pCO 2 in some of our soils (i.e., SPRT, SSMS, SSVF, and NSMS) was the presence of preferential water flowpaths in the soil horizons. Advection of water along the BeC interface is the dominant lateral flow path in the swale, while in the planar transect water advects along both the AeB and BeC interfaces (Lin, 2006; Lin et al., 2006; Thomas et al., 2013) . High soil moisture content along these flowpaths inhibited the diffusive loss of soil pCO 2 to the atmosphere. Thus, while the pCO 2 generally increased with depth, CO 2 was occasionally trapped below these preferential flowpaths, leading to localized CO 2 highs (Figs. 5 and 6; see asterisks).
Seasonal patterns of soil pCO 2
Seasonality influences soil pCO 2 in the catchment, because time of year governs the soil biological activity and water storage. The seasonal variations in pCO 2 and soil moisture (Figs. S5 and S6) observed in this study are consistent with patterns reported elsewhere (Piñol et al., 1995; Risk et al., 2002; Schulz et al., 2011; Ross et al., 2012) . The fall pCO 2 peak is not as large as the peak in June, presumably because lower temperatures limit biological activity (i.e., CO 2 production). Interestingly, the timing of peak pCO 2 at the SSHCZO differs from observations of hillslope soil pCO 2 in the mountainous areas of Montana (Pacific et al., 2008) . Pacific et al. (2008) found that during the growing season pCO 2 peaked along a hillslope near the onset of snowmelt (when soil moisture was high) while the highest pCO 2 values in the valley floor occurred later in the summer. We attribute the similarity in timing of peak pCO 2 between topographic positions at SSHCZO to the similar temporal behavior of soil moisture throughout the catchment.
Interestingly, we observed that while the timing of peak soil pCO 2 was similar across the watershed, the amplitude of the pCO 2 peak was higher in the deeper, wetter soils. Because the deeper soils experience the largest seasonal changes in soil moisture (Fig. 3, Figs. S3 and S4 ), they also experience the largest fluctuations in pCO 2 (Figs. 5 and 6, Figs. S1 and S2) . In other words, the ridge top and planar mid-slope soils are more consistently dry throughout the year, and therefore have lower annual variations in pCO 2 , while the valley floor and swale soils have more variable soil moisture, and therefore have highly variable pCO 2 levels.
Implications for weathering
In shallow, well-drained portions of the landscape (i.e., ridge tops and planar hillslopes) the accumulation of CO 2 in the soil profile is substantially lower than in the swales (i.e., the concave portions of the landscape with deep soil profiles), even for the same soil depth due to increased CO 2 diffusion in these shallow soils. We assert that because topography controls soil depth, texture, porosity, and moisture, which all govern soil CO 2 diffusion rates, topographic positions can be used to predict the distribution of soil pCO 2 in watersheds. Moreover, because soil CO 2 dynamics are a key determinant in weathering kinetics, constraining soil pCO 2 variability across topographic positions is needed to understand the distribution of weathering rates across a landscape (Andrews and Schlesinger, 2001 ). Present-day soil mineral assemblages reflect the residual products of shale bedrock that integrate long-term weathering rates over the entire period of soil development. The short-term weathering rates in the catchment are represented by soil porewater chemistry. At SSHCZO, for example, four observations have been made with respect to weathering that are notable here: i) the integrated extent of chemical weathering decreases from the ridge top downslope to the valley floor for the south planar transect , ii) the rate of chemical weathering estimated from porewater chemistry for these three sites does not differ within error , iii) the integrated extent of chemical weathering in the soil is generally lower for north slope compared to south slope soils (Ma et al., 2011b (Ma et al., , 2013 , and iv) the chemical weathering rates estimated for the north planar slope soils are faster than for south planar slope soils (Ma et al., 2013) . In other words, the integrated extent of chemical weathering increases from the ridge top to the valley floor for the planar slope and is larger for the south slope compared to the north slope, but the instantaneous rate of weathering (as observed in porewater chemistry) does not show these differences.
To understand these observations in the context of soil CO 2 , we calculated the pH of porewater in equilibrium with soil CO 2 (Tables S1, S2). For values of 35,000 ppmv (the highest concentration measured during the study period, which occurred at SSMS) the pH of equilibrated porewater is 4.6, substantially lower than the pH of water in equilibrium with atmospheric pCO 2 levels (i.e., rainwater, pH ¼~5.6, pCO 2 ¼~390 ppmv). In other words, the pH of soil water equilibrated with soil pCO 2 is lower than it would be if it were equilibrated with the atmospheric pCO 2 . The porewater pH values, calculated to be in equilibrium with the soil pCO 2 , vary by up to 1 pH unit across the catchment (Tables S1 and S2 ), demonstrating the large variation in weathering potential across the landscape. This is important because the landscape positions with the deepest, wettest soils (i.e., the swale mid-slopes and valley floors) have the highest soil pCO 2 . Assuming weathering rates increase with decreasing pH (Brantley, 2008) , weathering potential (due to soil pCO 2 ) might be expected to increase from the ridge top to valley floor and from planar slopes to swales.
Consistent with this, Jin et al. (2010) found that elemental depletion (including Fe, K, Mg, Si, and Al), integrated over the planar hillslope soils, is largest at the valley floor where CO 2 concentrations are highest. Although this enhanced depletion at the valley floor is attributable partly to downslope movement of that material from higher on the hillside as measured by Ma et al. (2010) e and thus longer residence times in the weathering regime e some of the extensive depletion in the valley is likely due to higher pCO 2 . However, could not distinguish a difference in the current rate of weathering at the three landscape positions in the south planar hillslope based on today's soil porewaters. This is consistent with more depleted soils dissolving in a more corrosive porefluid. In other words, although CO 2 is higher in the valley, fewer minerals remain to be weathered.
On the other hand, also observed low Mg concentrations in porewaters collected from preferential flowpaths, i.e., waters that flushed quickly through the soils. In contrast, Mg concentrations in porewaters increased just below the flowpaths in the low flow zones of the soil. These high Mg porewater concentrations indicate enhanced weathering due to longer water residence times, and coincide with zones where CO 2 is trapped below the wetter flowpaths due to lower diffusion rates (i.e., localized pCO 2 maxima). In this respect, the high CO 2 zones correlate with zones where weathering is ongoing today.
Our results could indicate the potential for a positive feedback between weathering and landscape position: deep, wet soils in swales and valleys have higher weathering potential from CO 2 because CO 2 is trapped by low diffusion due to high soil moisture. This process could amplify variation in weathering across landscapes over time: locations with higher pCO 2 weather more, thus increasing soil depths, leading to higher water content, which allows further accumulation of CO 2 . Specifically, rates of chemical weathering in swales are likely to be faster than along planar slopes due to higher pCO 2 .
Conclusions
Using a topographically explicit pCO 2 sampling regime, we show that the concentration and distribution of soil CO 2 vary significantly between hillslope catena positions, north and south aspects, and planar and swale slopes. Understanding the relative controls of environmental variables on the heterogeneity of soil CO 2 through space and time is critical for predicting changes in soil CO 2 dynamics with respect to regolith weathering. It is well known that soil depth, texture, porosity, moisture, vegetation, and local microbial communities can dramatically influence CO 2 diffusion and production. Depth in particular is often studied as a control on pCO 2 ; however, our data show that soils from the same depth within a watershed can vary by almost 7-fold in pCO 2 . So, depth alone is a weak predictor of pCO 2 in complex terrain.
Topographic position, on the other hand, is a strong predictor of soil depth, texture, porosity, and moisture, and our observations show the importance of landscape position for CO 2 concentrations. Moreover, soil pCO 2 influences porewater pH, and we calculated that the variability in soil pCO 2 observed in the SSHCZO watershed can lead to porewater pH differences of up to 1 pH unit. Thus, topography could improve models of soil CO 2 weathering capacity across landscapes since there are consistent pCO 2 patterns across remotely mappable topographic positions. For example, existing soils maps could be used to distinguish shallow and well-drained portions of the landscape (planar slopes and ridge tops) from deeper, water accumulating portions of the landscape to scale up predictions of soil pCO 2 and associated weathering rates. Slope aspect also controls soil CO 2 distribution, and south (north-facing) swales with deep soils have higher pCO 2 than their north (southfacing) counterparts. We also observed that effect of seasonality on soil pCO 2 varies with topographic position: the annual variability of pCO 2 was larger in the deep, wet soils compared to the shallow, dry soils. These topographic observations will allow us to constrain soil pCO 2 dynamics and, eventually, predict CO 2 dynamics at the watershed-scale using topographic and soil depth maps. Our observations also show that the greatest chemical weathering potential from CO 2 dissolution into porewater occurs in the deeper soils of swales and valleys.
